Cohesive sediments from non-used food and fish excreta are a main concern in aquaculture recirculation tank design. Excess concentrations of sediments can cause fish death or additional costs of energy for aeration. Flow dynamics in these tanks is represented as a multiphase flow with two disperse phases: one of solids (cohesive sediments) and one of gas (oxygen) because aeration is always needed. This research was carried out to understand the settling behavior of flocs when subjected to a liquid shear rate. A reduced scale model of an aquaculture recirculation tank was built in Plexiglas in order to use Particle Image Velocimetry and Particle Tracking Velocimetry techniques to measure fluid velocities, solid settling velocities, floc shape, and size.
Introduction
When water scarcity is a problem, water recirculation systems are a good solution [1] . The reuse of water is the main characteristic of these systems. Most studies of these systems are related to water quality and biology but few to hydrodynamics. In this work we focus on the hydrodynamic characteristics of a circular water recirculation tank.
Efficient solid removal is a main concern in these systems because of the accumulation of non-used food and fish excreta. These solids are generally less than 65 μm in diameter and behave as cohesive sediments [2] . These sediments form flocs or aggregates, made of water, inorganic particles and organic particles [3] [4] [5] . The method of obtaining adequate settling models for these particles is an open field of research [6] .
The most used tanks are circular [7, 8] . Water is supplied in these tanks by the use of diffusers at the walls. In this work a small-scale circular water recirculation tank was used in order to study the solid behavior in the tank. A central settling device was present in order to remove the solids (figure 1). The settling device functions according to the hydrocyclones' principle [9] .
Optical techniques were used in this work: Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV) [10] , to measure fluid and particle velocities, respectively. Polyamide tracers of 5 µm in diameter were used to obtain fluid velocities using PIV, and flocs were used as tracers in the PTV technique. PTV also allowed us to measure particle size and shape.
The results were used to calibrate settling velocity models using fractal theory, including an adequate definition of the drag coefficient for permeable flocs. Few experimental data of cohesive sediments are available in the scientific literature [11] . The proposed model is helpful in the design of water recirculation tanks for aquaculture.
Experimental set-up
A small-scale water recirculation tank made of plexiglass 1.03 m in diameter and 35 cm in depth was used in the experiments. A complete system for water recirculation (figure 1) was implemented; diffusers at the wall controlled the flow rate and tank water velocity. The circular flow was generated by diffusers at different levels in the tank wall; water was obtained by a high-rise tank with a constant water level in order to supply by gravity a constant flow rate. A settling device in the center of the tank allowed solid removal. The sediments used were common food for the fish. Preprocessing (screening in a 200 mesh) was needed in order to obtain sizes less than 65 μm. For the PIV and PTV techniques a 15 mJ Nd:YAG laser with double cavity (double pulsed) was used. Two CCD cameras, one LUMENERA with 60 fps and resolution 640 × 480 pixels and the other JAI with 250 fps and 1600 × 1400 pixels were used. Both cameras where equipped with 50 mm NIKKON lenses. For synchronization a NI-PCIE-1430 card was used.
Methods
The main difficulty for the proposal of a settling velocity model for flocs is the adequate definition of their density. Many models have been formulated for floc density. The more accepted is the one proposed by Kranenburg [12] , as seen in eqn (1) .
where ρ f , ρ w , ρ p are densities of floc, water and primary particles, D is the floc diameter and d is the primary particles diameter. F is the fractal dimension and the model assumes that the floc is constituted of spherical primary particles of equal diameter. The model can be used for non-spherical particles with equivalent diameters, but in this case the calculation of the fractal dimension becomes difficult.
To overcome this difficulty in this research we used a different model to fit the experimental data, then we compared both models and were able to obtain the fractal dimension of the experimental flocs. The floc density model used was that of [13] , as seen in eqn (2).
where the parameters b and c depend on floc type and shear rate applied [8] .
The appropriate values of b and c were obtained with the experimental settling velocity of the sediments used (fish food) when plotted against floc diameter. The best fit to a modified Stokes equation using eqn (2) was performed.
Comparing eqns (1) and (2) a relationship for the fractal dimension F is obtained.
A balance of drag forces and gravitational forces gives eqn (4).
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where W s is the floc settling velocity and C Df is the permeable particle drag coefficient. Using eqn (1) the following relationship for the settling velocity is obtained in eqn (5) .
where S is the primary particles relative density.
In order to define the drag coefficient in a permeable floc the results of [14] were used for the permeability ξ of a sphere, as seen in eqn (6). 1 45
where γ is the compaction factor of the floc. From [15, 16] a relationship between the drag coefficient of a permeable sphere and an impermeable one (Ω) is obtained, as seen in eqn (7) . 
Assuming that the drag coefficient of the impermeable sphere is C D =24/Re p ; where Rep=W s D/ν, ν is the kinematic viscosity of water. Using eqns (6) and (7) a value of C Df could be obtained.
Results
The following figures 2-4 show PTV experimental results of settling velocities vs. diameter at different times during a 40-minute experiment. The solid line represents the best fit of a modified Stokes equation that takes into account eqn (2).
Figure 2:
Settling velocities and best fit curve for t=10 min.
For all the experimental results the best fit curve was obtained with the values of b=0.004 and c=1.1 in eqn (2) .
With these values of b and c, using eqn (3), the variation of F with D is obtained ( figure 5 ).
With the relationship between fractal dimension and diameter, values of permeability can be obtained for different floc diameters, using eqn (6) Settling velocities and best fit curve for t=20 min.
Figure 4:
Settling velocities and best fit curve for t=30 min.
value of 20 µm was obtained using transmission electron microscopy (TEM) for primary particle diameters. Also by means of TEM observations the value of γ was defined as 1, because most of the primary particles are elongated, The drag coefficient for the floc C DF =ΩC D is obtained using eqn (7) . Plotting C Df against R ep the following (figure 6) was obtained. A relationship between the drag coefficient and the particle Reynolds number was obtained by cross-correlation, as seen in eqn (8). Replacing this relationship in eqn (5) the following equation for the settling velocity for food fish was obtained in eqn (9). (9) where Ws is in m/s and D and d in m.
The results show that the drag coefficient of a permeable particle is reduced compared with an impermeable particle of the same diameter as previously stated by Johnson et al. [17] . The contribution of this paper is to develop a methodology to obtain hydrodynamic characteristics of flocs, its fractal dimensions and drag coefficients, from experimental measurements of settling velocities.
Conclusions
Using optical technique settling velocities, cohesive sediments in a small-scale water recirculation tank were obtained for fish food. The experimental results allowed us to obtain appropriate parameters for a floc density vs. diameter model. Using this model the fractal dimension variation with diameter was obtained. With a balance of gravitational forces and drag forces a model for floc settling velocity was developed. This model contains one undefined parameter: the permeable floc drag coefficient.
Using some relationships between permeable spheres and non-permeable spheres and the experimental results, an appropriate definition of the drag coefficient for fish food was obtained.
The results can be very helpful in the design of aquaculture water recirculation tanks in order to improve solid removal.
